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An Approach for On-line Assessment of
Rooftop Solar PV Impacts on Low Voltage
Distribution Networks
M. J. E. Alam, Student Member, IEEE, K. M. Muttaqi, Senior Member, IEEE, and D. Sutanto, Senior
Member, IEEE

Abstract—Assumption based off-line analysis tools may not be
able to provide sufficient and accurate information for corrective
decision-making to mitigate solar PV impacts in the future
distribution grids.
This is mainly due to the increasing
penetration level of intermittent power generation resources and
also the fluctuating behavior of consumer demand. On-line
assessment tools can assist to manage PV impacts and aid to
mitigate those on real time basis. This paper proposes an
approach for on-line assessment of rooftop PV impacts on low
voltage (LV) networks using real-time network data. A variablewidth sliding window will be used to provide the analysis
outcomes based on-line data. The width of the sliding window can
be varied according to user input so that the changes in network
behavior caused by PV integration can be investigated
conveniently. Several numerical indices are proposed in this
paper to assess solar PV impacts on the LV networks. This
approach also uses the on-line data to develop real time
distribution network models for a dynamic “what-if” analysis.
The usefulness of the proposed on-line assessment approach is
verified using an Australian LV distribution feeder.
Index Terms—Solar PV impact, on-line assessment, sliding
window, LV distribution networks, real-time network data.

I. INTRODUCTION
The penetration of rooftop solar PV resources is
increasing in the low voltage (LV) distribution networks day
by day. With the capability to serve loads at the connection
point, PV resources have the potential to change the normal
network behavior. While the integration of solar PV can
provide different system support benefits [1], a high
penetration of PV on the other hand may impact the network
in several ways [2], such as voltage rise, reverse power flow,
and increased energy loss [3]. In many countries around the
world, the integration of PV resources at a high penetration
level is a comparatively new issue. Many utilities are yet to
fully understand the consequences of the cascaded impacts in
a real time operation. Network operators therefore deploy
analytical tools to assess the potential impacts of PV resources
on the distribution networks. In general, off-line impact
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analysis is performed during the processing of a prospective
PV connection request using assumption based synthetic data,
and/or, historical data collected and archived through
monitoring devices installed in the networks. While the impact
studies during acceptance of a PV connection request can
provide a preliminary estimation of PV impacts, the real
scenario in the presence of varying load and network
conditions are still unknown. Also, new PV connections are
being accepted regularly leading to change of the prevailing
conditions during the acceptance of the connection requests.
Therefore, an off-line investigation performed before may not
be adequate for the present scenario. Similarly, off-line
analysis using the historical data may not be sufficient for
taking appropriate mitigation actions due to the changes in
network condition with time, such as addition of loads and
network equipments, and installation of new generation
resources.
With the increasing level of solar PV penetration in
distribution networks, advanced tools would be needed that
are capable of online impact assessment so that sufficient
information on PV impacts are available from the most recent
network condition with an acceptable accuracy. This will
require a collection of real time system operation data and the
ability to perform the impact analysis on-line so that network
operators can take immediate decisions and implement
necessary actions at the time of occurrence of any detrimental
impact.
Extensive research has been carried out on modeling and
analysis of distribution networks with Distributed Generation
(DG) resources based on a general off-line approach; a review
is provided in [4]. Several numerical indices have been
developed in [5] for the analysis of network impacts of DG
resources to investigate the best locations for DG units in the
network using a steady-state analysis approach. This type of
approach is useful for off-line analysis, typically performed in
planning oriented studies for DG integration. A general
approach to quantify the benefits of DG integration has been
discussed in [6] using a parametric study where the variations
of different DG impact indices have been observed with the
variations of DG ratings and DG power factor. Again, the
analytical approach used is more suitable for an off-line type
analysis using previously archived data. In contrast, the
motivation of the research in this paper is to assess the PV
impacts on-line using real-time data so that a more accurate
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analysis of the impacts could be done under the varying load
and network conditions. This would also be helpful to take a
more effective decision (as the impact estimation is more
accurate) on the spot for immediate mitigation by available
means.
This paper proposes a variable-width sliding window based
on-line assessment approach for solar PV impacts on LV
distribution networks. The proposed approach will use the data
available from numerous smart meters installed in the future
smart grid environment to assess solar PV impacts online.
Using the variable-width sliding window allows the width of
the assessment window to be varied depending on the
situation. For example, when the PV output is at its peak level,
the width of the assessment window can be reduced to obtain a
closer view of the situation, because the threat of the voltage
limit violation could be high at this time. On the other hand,
when the PV output is consistently decreasing or unavailable,
for example during late afternoon or at night, the width of the
sliding window can be increased to avoid unnecessary
monitoring activities. Different numerical indices will be
defined based on key network parameters that are influenced
by the PV integration. Real time network models will be
compiled using the most recent network information to
investigate the impact of PV penetration by incorporating any
desired changes in the PV output or network parameters. The
proposed approach will be able to perform a “what-if” analysis
using a time-varying base case scenario to advise the user how
a given operating network would behave in a potential PV
generation scenario. The information obtained using the
proposed approach would be beneficial (in terms of a more
accurate impact analysis) to take mitigation actions against
adverse impacts of high PV penetration, including fluctuations
caused by sudden variations in PV output. The applicability
of the approach will be tested using a practical LV distribution
feeder in Australia.
II. THE PROPOSED ON-LINE ASSESSMENT APPROACH
Offline analysis of rooftop solar PV impacts on LV
networks is typically performed using assumption based data
due to unavailability of detailed operational data on the LV
networks. Scenario analysis is performed using load flow
solution with the load and PV generation data modified to
fulfill the analysis objectives, such as the analysis of worstcase scenario. The proposed on-line approach on the other
hand, will perform the impact investigations using real time
data collected by smart meters installed at different locations
in the network, and the usage of assumption will be kept as
low as possible. Functionalities of the proposed approach are
described below.
A. Architecture of the Proposed On-line Approach
The proposed approach will consist of on-line data input
functionalities, as shown in Fig. 1, that will receive real time
data related to distribution networks and also the weather
information that is related to PV power output. The approach
will also have the ability to update the network topology using
the most recent switching and outage information. Combining

the available on-line network data and topological
information, the proposed approach would be able to make use
of real time models of distribution networks. Solar PV impacts
on networks will be assessed by the approach using several
numerical indices based on network variables that are mostly
affected by solar PV, such as, bus voltage, line power flow,
and feeder power loss. The proposed approach and indices
will be highly useful to assess the impact of an increasingly
high penetration of solar PV.

Fig. 1. The architecture of the proposed online assessment approach

B. Collection and Processing of Real Time Data with AMI
Real time system operation data will collected from
numerous smart meters and monitoring devices anticipated in
the future distribution networks using an Advanced Metering
Infrastructure (AMI) [7]. Resolution of the data will depend
on the technical specifications of the AMI devices. If required,
data pre-processing techniques [8] will be applied to improve
the quality of the measured data.
C. Sliding Window Based Assessment

Fig. 2. Illustration of sliding window; (a) using on-line data; (b) using off-line
data.

Sliding windows are normally used for extracting subsequences from stored (i.e. offline) time-series data. Fig. 2
shows an illustrative example of how this can be applied for
extraction of time series sub-sequences from on-line data. An
off-line time series data of an arbitrary length is considered in
Fig. 2(a), where up to the 9th data point is shown. In general,
the ith sub-sequence, Si, of length W from an N-dimensional
time series data set, D, can be extracted using (1).
S i  Di : m 
(1)
where, m =(i+W-1) and, i = 1, 2, …, N - (W-1).
Following this and using a sliding window of length 5, for
example, the 1st sub-sequence is a vector of 1st to 5th data
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points; the 2nd one is a vector of 2nd to 6th, and so on. It is
observed that the mth data point is always available as long as
archived off-line data is considered. This is, however, not the
case with on-line data, where the mth data has to be obtained
from real time measurements. The example in Fig. 2(b) shows
that the 2nd sub-sequence is formed by combining the 2nd to 5th
previously received data points with the 6th recently received
data; similarly, the 3rd sub-sequence is obtained from the 3rd to
6th previously received data with the recently received 7th data,
and so on. These sub-sequences of time series data are used as
the sliding windows for the proposed on-line approach.

Fig. 3. Sliding window based PV impact assessment: (a) 5, 10 and 15-min
assessment windows (b) sliding of 5-min windows.

Solar PV impacts in terms of changes in key network
parameters will be assessed based on 1-min data logged by
smart meters. The 1-min assessment results will then be used
to develop a variable sliding window based assessment report.
This concept of sliding window is described below using a
hypothetical voltage profile time series data shown in Fig. 3
with 5-min, 10-min and 15-min assessment windows. The
width of the sliding window can be defined by the users to
obtain the assessment outcomes in a customized way.
The voltage profile in Fig. 3 shows a rising trend due to the
integration of solar PV resources. Consecutive 5 samples of 1min interval data are used for building the 5-min assessment
window; similarly 10 instances of 1-min data are used for 10min assessment window and so on. Each of the windows
progresses (slide) by 1-min to provide a sliding window based
assessment. This is shown in Fig. 3(b) for the 5-min window
only; other widths will follow the similar pattern. The first
window provides the assessment results for 5 time instances,
from instance 1 to 5; the second window gives the results for
instance 2 to 6 and so on.
The width, W, of a sliding window can be any value
between 1 and the number of data points already received, and
it is mainly a user defined parameter. In terms of time period,
the narrowest width will depend on the resolution of the online data available from the metering systems. For example, if
the data are measured in second range, the width of the
window can be varied from seconds to minutes to up to hours.
On the other hand, if the data is measured in minutes (e.g. 1
minute resolution) then the narrowest width would be in terms
of minutes. Resolution of the on-line data is also crucial for
assessment of PV output fluctuations and associated impacts.
If the time period between two consecutive measurements is
higher than the time duration of the fluctuation event, then it
will not be visible in the on-line data and the impacts cannot
be assessed from such low resolution of the online data.
Therefore, the higher the resolution of the online data, the
wider would be the choice of the width of an assessment
window.
Although for a given resolution of the online data, the

width of the assessment window is mainly a user defined
parameter, still a suggestion can made on the selection of an
appropriate width using the previous measurements of the
solar irradiance level. Logically, the width needs to become
narrow with the increase of severity of the PV impacts, which
depend on the solar irradiance level for a given set of network
conditions. Therefore, suggestion can be made to decrease the
width (in terms of time) with the increase of the irradiance
level and vice versa.
The advantage of a variable-width sliding window is its
adjustability to provide the assessment outcomes in a more
customizable way that suits the assessment situation better.
For example, in a mostly cloudy day, the impact of PV may
not be significantly visible and the user can choose to use a
wide assessment window, such as 30 min, or 60 min. On the
other hand, in a clear day with the PV units generating at their
maximum capacity at noon, when the load demand is usually
low, a narrow assessment window, e.g. 10 min, or, 5 min,
would be desirable to obtain a closer and tighter view of the
PV impacts, such as, a possible violation of the overvoltage
limit.
D. Real Time Model of Distribution Networks
A traditional model of a distribution network is an
assembly of network components in terms of their admittances
combined according to the network topology and the loads
imposed at respective buses. With the integration of solar PV
resources, the network model will also include PV power
injections at buses where PV units are connected. An off-line
model of a distribution network can be constructed from the
topological information obtained from Geographic
Information System (GIS) maps, the design data of the
network, planned or historical load demand data, and nominal
or historical output data of PV units. On the other hand, a real
time model of a distribution network would need the most
recent information and data on the network. A network
topology processor will be used for on-line updating of the
network admittance model by incorporating any change in the
designed topology due to switching and/or outage of network
components. Load demand and PV output data will be updated
using the on-line data obtained from AMI. The weather data
related to PV output will also be available for different types
of scenario analysis, or case studies in changed weather
conditions.
E. Fast and Accurate Network Analysis Tool
While solar PV impacts can be investigated based on the
online measurements of voltages and power flows, simulation
oriented analysis using the real time load and PV generation
data can be performed to make an online evaluation of impacts
from measured data and compare the results with the actual
impacts to check the validity of the real time network models.
However, a more important application of the simulation
would be to perform “what-if” and “worst-case” scenario
analysis by modifying the metered PV generation data. To
perform the simulation oriented analysis on-line, the proposed
approach needs to utilize an algorithm that is fast but accurate
enough so that correct assessment outcomes can be made in
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time. For example, an on-line assessment tool designed for
performing the analysis with 1-min resolution data needs to be
able to solve network power flow problem, and then perform
post-solution analysis, e.g. assessment of voltage rise, reverse
power flow, feeder power loss etc. within 1 minute interval so
that the tool is ready to accept the next sample of 1-min
resolution data. The current-mismatch variant of NewtonRaphson algorithm [9] will be deployed in the proposed
approach as it incurs less computational efforts.
LV distribution networks are typically of three phase
configuration, and more often contains substantial amount of
unbalance due to single phase and two phase laterals, load
unbalance, and in the recent days due to PV (allocation)
related unbalance. Therefore, a three phase network analysis
method [10] will be adopted for the proposed approach that
can comprehensively model the LV distribution networks with
their true complexities including the 3-phase 4-wire
configuration, single phase and two phase laterals, neutral
grounding, single phase and three phase loads and PV units.
F. Online Quantification of Impacts through Indices
Each of the solar PV units installed in an LV feeder
contributes to the change in network behaviour depending on
its capacity. However, to analyse the PV impacts on an overall
feeder, a development of numerical indices considering the
impacts of all the PV units in a feeder is necessary. The level
of PV impact from feeder to feeder will vary depending on the
impedance, loading, and level of PV penetration. The use of
the numerical indices would also be beneficial to analyse and
compare the impacts on different feeders in a distribution
system. Indices developed to quantify solar PV impacts in
terms of voltage deviation, feeder power flow, MV/LV
substation capacity and feeder power loss will be used in the
proposed approach. The following proposed indices will be
used to investigate the PV impacts using the measured data
and also using the results from the load flow analysis for any
intended scenario analysis considering changes in the network,
such as, increase in PV penetration.
Voltage rise is one of the most discussed impacts of solar
PV integration. It can affect the voltage quality of the network
by creating a long-duration overvoltage problem [11]. The
maximum amount of voltage rise observed among different
nodes of a feeder at any given time is used to estimate voltage
deviation in the feeder and is defined as the Maximum
Voltage Deviation Index (MVDI). At the kth time instant, this
can be obtained using,
MVDI k  

V nom  Vmax k 

(2)
V nom
Here, Vnom is the nominal voltage which can either be a
constant, or vary according to the load condition or time of the
day, based on the operational policy of the utility; Vmax(k) is
the voltage at the LV feeder node where the maximum amount
of voltage variation is observed at the k-th time instant. It is to
be noted that MVDI needs to be determined for all the phases
separately. The MVDI is an index calculated at any particular
instant of time to assess the maximum voltage rise impact of
the rooftop solar PV integration in the low voltage network, as

given in (2). The index is based on the nominal value of the
feeder voltage and therefore, it can provide an indication of
the deviation of feeder voltage affected by the level of PV
penetration. The index can have both positive and negative
value. Without PV integration, the voltages at different points
in the feeder are generally lower than the nominal voltage and
hence the MVDI will be generally positive. A negative value
indicates that the solar PV integration may have produced a
voltage-rise. The index can also be used to determine whether
the feeder is experiencing overvoltage or undervoltage, by
comparing the index with the specified limits for the
distribution feeder. For example in Australia, the upper limit is
10% over the nominal value. An MVDI value which is more
negative than -0.1 indicates overvoltage has occurred.
Similarly, undervoltage can be indicated by comparing the
MVDI with the minimum limit.
An Average Feeder Loading Index (AFLI) of an LV feeder
can be formulated as the weighted average of loading levels of
all the feeder segments with respect to their lengths. The AFLI
at kth instance can be expressed as,
s

AFLIk   

lj

j 1 L f



S j k 

(3)

Cj

For an LV feeder, the length of the jth segment lj, total
feeder length Lf and load carrying capacity of the jth segment
Cj are constants. The AFLI will, therefore, depend only on the
complex power flow through all the line segments at the kth
time instant, Sj(k), where j = 1, 2…, s and s is the total number
of segments in the feeder. The AFLI index provides an
average indication of the degree of loading of a given feeder.
It indicates the loading of a distribution feeder as a whole, and
not for any particular segment. This index can be used to
compare the impacts on the loading of a given feeder for
different scenarios of PV generation. The AFLI value is zero if
no power flow takes place in the feeder segments. The AFLI
value will increase with an increase in feeder power flow to
serve the customers. However, with a high penetration of PV
resources, AFLI can also increase due to a high amount of
reverse power flow.
The amount of the load demand locally served by solar PV
units contributes to the release of MV/LV substation capacity
of an LV feeder. An index is defined to assess the PV impact
on the available capacity of substations using a Substation
Reserve Capacity Index (SRCI) as given below.

SRCIk   1 

S1a k   S1b k   S1c k 

(4)
S sub
Here, S1a, S1b, and S1c are the complex power flows from
phase a, b and c of the LV substation bus and Ssub is the rated
capacity of the substation. A value of SRCI equal to one
means substation capacity is fully available whereas a value
equal to zero means no substation capacity is left unused. With
PV units serving local loads, SRCI will decrease with PV
integration. However, above a certain level of PV penetration,
reverse power flow will cause a higher level of substation
capacity to be used and SRCI will decrease.
Less import of power from upstream network due to the
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availability of local PV generation reduces power loss in the
distribution feeder. To quantify this, an index is developed
using the ratio of the total loss incurred in the feeder to the
total load served by the feeder and is referred to as the Feeder
Loss to Load Ratio (FLLR), as shown below.
FLLRk  

a
b
c
k   Ploss
k   Ploss
k 
Ploss

(5)
a
b
c
k   Pdem
k   Pdem
k 
Pdem
Here, Plossa, Plossb and Plossc are power losses incurred and
Pdema, Pdemb and Pdemc are the load demands in phase a, b and c
of an LV feeder. FLLR is an index obtained from the ratio of
the loss in the feeder to the load demand of the feeder. Its
value increases significantly during midday when the PV
output is the highest and the load demand is usually low.
During that period, the power loss through the feeder is high
due to a high amount of reverse power flow, but since the load
demand is typically lower, therefore, the ratio of the loss to the
load demand becomes significantly high.
Indices of the Moving Averages (MA) of the variables
associated with the PV impact in the sliding windows is
required to understand the overall trend of the changes in
network behavior caused by solar PV.
The moving average of the voltage deviation index at any
given sliding window, w, with a width of W can be defined as,

III. APPLICATION IN REAL TIME ENVIRONMENT
With the availability of the real time distribution network
model compiled from the most updated information, the
proposed approach can be used for determining the network
behavior under any probable changes in PV output, load
demand, or even changes in network topology resulting from
outage or switching operation. With the capability to assess
the solar PV impacts on distribution networks on-line, the
proposed approach can also be used for monitoring of
dynamic events such as fluctuations induced by passing
clouds, etc. Further, this approach may also aid in the decision
making for compensating the adverse impacts of these
dynamic events by proving online assessment of the perturbed
parameters. A brief description of these capabilities is
provided below.

w W 1

MVDI w 

 MVDI k 

k w

(6)
W
Similarly, the moving averages of the other impact indices,
AFLIw, SRCIw and FLLRw will be obtained, as given in (7)(9). The moving average provides a useful indicator of the
long term trend of the variables associated with the PV impact.
w W 1

AFLI w 

 AFLIk 

k w

(7)
W

w W 1

SRCI w 

 SRCI k 

k w

(8)
W

w W 1

FLLR w 

 FLLR k 

k w

(9)
W

G. Simplified Flowchart of the Proposed On-line Approach
Fig. 4 shows a simplified flow chart of the major functions
of the proposed approach. The width of the sliding window, W
is taken as input from the user. Each of the sliding window,
specified by the window counter, w, contains W number of 1min assessment outcomes. The inner loop, consisting of online
data collection, pre-processing, load flow analysis (if required
for “what-if” analysis), PV impact assessment through
quantification indices, and storing of 1-min results, continues
until k becomes equal to W. Once the assessment for the wth
sliding window is obtained, results are displayed from wth to
(w+W-1)th number of time instances. A summary of the
assessment, such as maximum value, minimum value, moving
average value etc. for the latest sliding window can be made
available for reporting.

Fig. 4. A simplified flowchart of the proposed on-line assessment approach.

A. Dynamic “What-if” Analysis
With an increasing level of solar PV penetration, network
operators often need to investigate how the networks would
operate under a changed condition of load and PV output. This
type of investigation is typically performed using “what-if”
type of analysis by first selecting a base case scenario, and
then by varying the parameter of interest (for example, the PV
output, consumer load, etc). Conventionally, a base case
scenario would typically consist of historical off-line data or
synthetic data, and therefore, may not always represent the
actual threats of high PV penetration in an operating
distribution network. In a real-world scenario, network
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Compilation of the base case scenario at the
k-th time instant

condition changes with the variations in load demands, PV
outputs and network configurations caused by switching
operation. Impacts of high PV penetration would be different
under different network conditions. Therefore, a static base
case using off-line data may not be sufficient to assess high
PV penetration impacts. Rather a dynamic base case changing
with time and reflecting the actual changes in the network
would be needed. The real-time distribution network model
obtained using the proposed approach can be used as base case
for such a dynamic “what-if” analysis.
A simplified block diagram of the dynamic “what-if”
analysis is shown in Fig. 5. The proposed online approach
compiles time-variant base case scenarios using the real-time
load, PV and network data obtained from the actual
distribution network using the Advanced Metering
Infrastructure. A base case scenario at the k-th time instant
will be constructed using the active and reactive load demand,
PL(k) and QL(k), the PV output at PPV(k), and the network
configuration, each at the k-th time instant. The changed
network configuration will affect the network admittance
matrix Y(k). The user, e.g., a network operator, would be able
to modify the compiled base case scenario to investigate a
potential PV penetration scenario to assess the impacts, or,
possibility of any threat on the network under that potential
scenario.
Once the “what-if” analysis for the k-th instant is finished
using the load flow engine, results are reported to the operator
and the system is ready for analysis for the (k+1)-th instant.

Fig. 5. Dynamic “what-if” analysis

B. Online Monitoring of PV Output Fluctuations
The power output of PV resources depends on the incident
sun insolation on PV panels. The PV impacts, therefore,
changes throughout the day in accordance with the sun
insolation. Any event that creates a sudden change in the sun
insolation level, such as passing clouds over the PV
installation site [12], eventually produces fluctuations in the
PV output and this is reflected in the feeder voltage and power
flow. From the collected real-time data, the proposed approach

will be able to provide an online assessment of the fluctuating
behavior of network caused by sudden and irregularly variable
PV outputs. The ramp rate of the PV output changes during
cloud passing can be very high [11] and this will affect the
ramp rate of the resulting voltage variation.
Indices are defined to quantify the ramp rate of PV power
output variation caused by cloud passing and the resulting
voltage variation. A sudden change of the total amount of the
PV output in the feeder is considered as a potential impact of
PV output fluctuation, which is expressed using Instantaneous
Power Ramp Rate (IPRR) with a unit of kW per unit of time,
as shown below.
n

IPRR k  

n

 Pi PV k    Pi PV k  1

i 1

i 1
(10)
t k   t k  1
where, PiPV(k) is the PV power at the i-th node of the feeder
at k-th time instant; i = 1, 2, …, n, where, n is the total number
of nodes in the feeder. Positive IPRR indicates an increase of
feeder PV generation and negative IPRR indicates a decrease
of PV generation. The maximum amount of voltage variation
observed in a feeder is used for evaluating the voltage ramp
rate. The proposed index is defined as Instantaneous Voltage
Ramp Rate (IVRR) that indicates the amount of voltage
change between the present and the immediate past instant of
measurement. The IVRR is expressed in terms of Volts per
unit of time and is calculated using the following equation for
the kth time instant.
V k   Vmax k  1
(11)
IVRR k   max
t k   t k  1
In (11), Vmax(k) is the voltage at the LV feeder node where
the maximum amount of voltage variation is observed and
t(k) is the time corresponding to kth time instant. The sign of
IVRR indicates the direction of voltage ramp; positive sign
means an increase in voltage as compared to previous
measurement and a negative sign indicates a decrease in
voltage. High resolution time series data (in the scale of
seconds) would be more suitable for the measurements of
IPRR and IVRR. The same mathematical formulations of
IPRR and IVRR given in (10) and (11), respectively, will be
applicable when such high resolution data is available. The
moving averages of IPRR and IVRR can be calculated in the
same way as shown in (6)-(9) to obtain long term trends of the
fluctuations.

C. Aiding the Decision Making for PV Impact Mitigation
Online monitoring and measurements of PV impacts can be
used for real time decision making for mitigation of PV
impacts. For example, if any immediate action is to be taken
for mitigating the voltage rise caused by PV, the amounts and
the exact time references of occurrence of the voltage rise
have to be provided to the controllers of the compensating
devices; an on-line impact assessment approach would be
helpful in this case. Similarly, if storage devices are used for
smoothing out the PV fluctuations [13] caused by passing
clouds, the voltage and power ramp rates available from online measurements can be used for determining the charge and
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discharge control parameters of storage devices.
A generic conceptual representation of assisting the PV
impact mitigation by the proposed approach is shown in Fig.
6(a) using the rate of change of a fictitious Fluctuating
Variable (FV). The detection of a sudden fluctuation can be
performed from the abrupt change in the ramp rate of the FV.
A Compensating Action (CA) designed to mitigate the
fluctuating effect has to be triggered at the point of detection.
The ramp rate of the compensating action will depend on the
desired ramp rate of the FV, which is expressed by (12) for the
k-th time instant.
CA 



FV 

desired



FV 

actual

(12)
t k
t k
t k
The ramp rate of the compensating action has to be
changed according to the ramp rate of the fluctuating variable
at each instant of time. For example, to mitigate the impacts of
PV output fluctuation, a compensating action can be
implemented using a Community Energy Storage (CES) [14]
that may be used for smoothing out the fluctuations in PV
generation in the feeder, as shown in Fig. 6(b). The ramp rate
of the storage discharge power needs to be adjusted using (12)
based on the IPRR value obtained by (10). The discharge ramp
rate has to be adjusted at each instant of time based on the
most recent IPRR value. Based on the discharge power ramp
rate, the discharge current ramp rate of the storage device can
be determined at each instant of time and can be sent to the
storage controller for implementation. In this way, the
proposed approach can aid in the decision making for a real
time mitigation of PV impacts. While the proposed assessment
approach could be used to assist in the decision making for
mitigation of an ongoing PV impact in real time, it would not
in itself be able to mitigate the impact, or control the action of
mitigation.

system in the South-East part of New South Wales. It is an 80
km long rural system with 3 voltage regulators. The MV
network and LV feeder diagrams are shown in Fig. 7. The LV
feeder is connected to bus 68 of the 11 kV network, as marked
using an arrow and a rectangular box in Fig. 7. It contains
households with rooftop PV units. Load profiles captured from
a residential LV distribution system in Australia is used to
develop voltage dependent household load models. Voltage
dependency parameters of typical electric appliances [15]
found in residential households were used for an aggregate
modeling of the household loads. PV systems, each rated at 4
kW, are integrated with the feeder at different customer
premises. The PV inverters are operated at unity power factor.
The data of the test feeder is provided in Table I. Though this
paper shows results corresponding to one of the LV feeders, it
can be similarly applied for other LV feeders in the network.

Fig. 7. Schematic diagram of the test distribution network.
TABLE I: TEST LV FEEDER DATA
Feeder Length (metre)
350
Number of Households
30
Pole to Pole Distance (metre)
30-40
Conductor
7/3.00 AAC
MV/LV Transformer Size
160 kVA
PV Module / Inverter
Kyocera / SMA Sunnyboy

Fig. 6. Application of the proposed approach for mitigation of the impact of
PV output fluctuations: (a) calculation of ramp rate of a generic compensating
action; (b) translation of the idea in terms of a community storage device.

IV. EXAMPLE APPLICATIONS
The proposed on-line assessment approach is applied on a
typical LV distribution feeder in Australia that is connected to
a real 11 kV distribution network derived from the distribution

A. Online Monitoring of PV Impacts in Terms of Indices
The indices developed are used to monitor the PV impacts.
Fig. 8 shows the voltage deviation impact caused by the solar
PV on the test feeder in terms of MVDI. The MVDI becomes
negative due to the voltage rise caused by PV after 9 AM, as
shown in Fig. 8(a), and continues to increase in the negative
direction. A switch-over to 15-min sliding windows at this
time can provide a larger view of the changes in voltage that
takes place in the feeder due to the PV penetration. This is
shown in Fig. 8(b). The MVDIs for all phases reduce to their
peak negative levels at about 1 PM, as shown in Fig. 8(c). The
numerical values of MVDIs indicate that voltage rise is
approaching the overvoltage limit of 10%, as specified by
Australian standards. Based on the severity of the situation, a
5-min sliding window is chosen for detailed analysis, as
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shown in Fig. 8(d).
Although the width of the assessment window is selected at
the user’s discretion, a feature can be developed in the
implementation of the proposed approach to make a
suggestion to the operator to narrow down the width with the
increase of the irradiance level. This would be useful to pay
attention to the voltage rise impact before it reaches a limit
violation level.
1

0.1

8
0.05

MVDI

6
4

0

2

-0.05

0

-0.1

Fig. 10 with the index of the remaining capacity of substation,
SRCI. The increase in SRCI starting at about 9 AM, as shown
in Fig. 10(a), indicates the release of substation capacity due
to the fact that the PV units are contributing to serve the local
loads at the PV connection points. This is followed by a
dropping trend from about 11 AM due to the loading of the
substation caused by the reverse power flow into the upstream
network, also shown in Fig. 10(a). Both of the increasing and
decreasing trends or SRCI are more accurately assessed using
15-min sliding windows, as shown in Fig. 10(b) and 10(c),
respectively.
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4
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0.02
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2

24
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Fig. 8. On-line monitoring of voltage deviation caused by PV: (a) Voltage
starts to rise above nominal value as indicated by negative MVDI; (b) A 15min sliding window of the situation in Fig. 8(a); (c) MVDI approaches
overvoltage limit; (d) A 5-min assessment window to obtain a closer view of
the situation in Fig. 8(c).

As the loads at the PV connection points are now served
locally, less power is imported from the upstream network
over the feeder and hence, the feeder loading is reduced.
However, with the increase of the PV output power as the day
progresses, the loading may increase due to the reverse power
flow caused by the surplus power from PV units. Illustrations
of these events are presented in Fig. 9, where in Fig, 9(a) it is
shown that the feeder loading, expressed in terms of AFLI,
starts to drop at about 9 AM when the PV units starts to
generate sufficient amount of power to share a significant
portion of the loads. A 15-min assessment window
corresponding to this time is shown in Fig. 9(b) that provides a
more precise view of the situation.

0.72

10.7

10.75

10.8

Time [Hour]

Fig. 10. On-line monitoring of substation loading variations caused by PV: (a)
Increase of SRCI caused by PV units serving local loads and decrease of
SRCI in the midday caused by reverse power flow; (b) a 15-min sliding
window of the increase in SRCI; (c) a 15-min sliding window of the decrease
in SRCI.

The power loss in the feeder decreases with the reduction in
power import from the upstream network with the availability
of PV power, which is shown in Fig. 11(a) with the drop in
FLLR at 9 AM in the morning. However, when the surplus
power flows through the feeder towards the upstream
substation, the power loss in the overall feeder increases,
which is shown in Fig. 11(a), with the increase in FLLR, at
about 11 AM. The increasing and decreasing trends of FLLR
are assessed using the 15-min sliding windows and shown in
Fig. 11(b) and 11(c).
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Fig. 9. On-line monitoring of feeder loading variation caused by PV: (a)
Decrease of AFLI caused by PV units serving local loads and increase of
AFLI in the midday caused by reverse power flow; (b) a 15-min sliding
window of the decrease in AFLI; (c) a 15-min sliding window of the increase
in AFLI

With enough PV output power to exceed the load demand
at the connection points, the AFLI values starts to increase at
about 11 AM as shown in Fig. 9(a) and a detailed view of this
is shown in Fig. 9(c) using another 15-min assessment
window.
Similar effect is observed with substation loading, shown in

Fig. 11. On-line monitoring of feeder power loss variation caused by PV: (a)
Decrease of FLLR caused by PV units serving local loads and increase of
FLLR in the midday caused by reverse power flow; (b) a 15-min sliding
window of the decrease in FLLR; (c) a 15-min sliding window of the increase
in FLLR.

A summary report of the indices for the latest sliding
window is available for an overview of the PV impacts as
shown in Fig. 12. Once the full 24-hour period is completed,
the trends of the impact indices and assessment reports over
the entire day are available, as shown in Fig. 13. Variations in
feeder voltage caused by PV is shown in terms of MVDI in
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Fig. 13(a), variations in feeder loading is shown in Fig. 13(b)
in terms of AFLI, variation of the usage of substation capacity
is shown in Fig. 13(c) using SRCI, and variations in feeder
power loss is shown in Fig. 13(d) using FLLR.

Fig. 12. A summary report of PV impacts in the latest sliding window
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Another “what-if” analysis can be performed to investigate
the impact of increasing PV generation on real-time basis at
about 1 PM. The sizes of solar PV units at different feeder
nodes were increased by 25% of the present size. The “whatif” analysis indicates a violation of the overvoltage limit with
this increase in PV size as shown in Fig 14.
A network operator can also use the “what-if” analysis
feature to investigate the effectiveness of a potential
mitigation strategy. For example, the impact of using
distributed storage devices as a voltage rise mitigation strategy
can be analyzed by incorporating storage device models with
the real-time distribution feeder model. Results of such a
“what-if” analysis are shown in Fig. 14, where storage devices
are used in the midday to consume surplus PV power when
MVDI values reach nearly at the limit violation level.
Distributed storage devices are operated in this case to
consume surplus PV power and as a result voltage rise is
partially mitigated, as observed from the MVDI values.

0
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5

10

15

20

Time [Hour]

Fig. 13. PV impact indices after completion of a 24-hour period: (a) MVDI;
(b) AFLI; (c) SRCI; (d) FLLR.

B. Applications of Dynamic “What-if” Analysis

C. Online Impact Assessment of PV Output Fluctuations
The impact indices proposed in this paper are applied to
assess the impacts of PV output fluctuations. A practical solar
PV output profile obtained from the Renewable Energy
Integration Facility at CSIRO Energy Technology in Australia
was used for the example application. It is observed in the PV
output data that the PV output was distorted by fluctuations in
the sun irradiance level.
The impacts of PV output fluctuations on the feeder are
shown in Fig. 15 in terms of the proposed impact indices. The
actual PV generation in kilowatts is shown in Fig. 15(a) that
shows the PV output fluctuates several times in the period
from 9:00 hours to 13:00 hours. The PV output suddenly
reduces to less than 5 kW from about 107 kW at about 12:50
PM. With respect to the total rated PV capacity, this
fluctuation is more than 90%, as shown in Fig. 15(b). The
IVRR caused by such reduction in PV output is shown in Fig.
15(c) which shows the voltage reduces by 10%.
Feeder PV
Generation [kW]

150
100
50
0
8

8:30

9

9:30

10

A simple, yet attractive application of the dynamic “whatif” analysis is to investigate how the network would behave
without PV penetration to understand how the integration of
PV has affected the system operation. For example, an
operator might be interested to find out what would be the
voltage deviation at midday without PV. This information can
be obtained by performing a “what-if” analysis by forcing the
PV outputs to zero on the real-time network model at midday.
The proposed approach was used to perform such an analysis
and the results are shown in terms of voltage deviation index
in Fig. 14. It is shown that without PV, the MVDIs for
different phases are within 0.01 to 0.04 at midday which
indicates the voltage would be lower than nominal, but within
the normal operating range.
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Fig. 14. Application of dynamic “what-if” analysis using MVDI.

10:30

Time [Hour]

100

0
-10
8

8:30

9

9:30

10

10:30

Time [Hour]

Fig. 15. Fluctuations in PV output (a) Fluctuations in total PV generation in
the feeder; (b) IPRR in percent of total PV capacity in the feeder; (c) IVRR in
percent of the feeder nominal voltage.

A 60-min sliding window, from 12 hours to 13 hours, is
used to observe the consecutive fluctuations in a single
window, as shown in Fig. 16. The fluctuations in MVDI are
shown in Fig. 16(a) at the time instances corresponding to the
PV output fluctuations in Fig. 15(a). Similarly, Fig. 16(b),
16(c), and 16(d) show the fluctuations in AFLI, SRCI and
FLLR at the same time instances as in MVDI.
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In summary, the proposed online approach would be useful
for the distribution network operators to observe the impacts
of the present level of PV penetration on their networks in a
real time environment. Using the dynamic “what-if” analysis
feature of this approach, the network operators would also be
able to understand the impacts of a potential PV penetration
level on the present or actual condition of their network. Also,
the impacts of ongoing PV output fluctuations on network
voltage can be assessed using the proposed online approach as
demonstrated through simulation results.
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Fig. 16. Online assessment PV output fluctuation with impact indices in a 60min sliding window: (a) MVDI; (b) AFLI; (c) SRCI; (d) FLLR.

V. CONCLUSION
A variable-width sliding window based on-line approach
has been proposed for investigation of rooftop solar PV
impacts on LV distribution networks. The proposed approach
will take on-line network data as input and then will analyze
solar PV impacts on the network using a set of proposed
impact indices. Using the variable-width sliding window
allows the width of the assessment window to be varied
depending on the situation. A narrow window can be used
during peak PV period, while a wider window can be used
during low or no PV output period. This can help to avoid
unnecessary monitoring activities. With the availability of
most updated network topology, load and PV output data, this
approach can make use of real-time models of distribution
networks for dynamic “what-if” analysis that would be useful
for the assessment of solar PV impacts under a given PV
generation scenario using the actual network condition at a
given instant of time. A summary report of the assessment
outcomes is also available for an ‘at-a-glance’ view of the
impacts over a given period. The information obtained using
the proposed approach would be beneficial to implement
mitigation actions against adverse impacts of PV penetration,
including fluctuations caused by sudden variations in PV
output.
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